Background and objectives Risk factor analysis of long-term graft survival in kidney transplant recipients is usually based on Cox regression models of time to first occurrence of doubling of serum creatinine or graft loss (DSCGL). However, death is a competing cause of failure, and censoring patients who die could bias estimates. We therefore compared estimates of time to first event versus estimates that included death as a competing risk and recurrent events.
Introduction
In renal transplant recipients, progressive graft dysfunction and failure have major implications for individual patients and for health care providers. Understanding the determinants of graft failure and of recurrent failure in patients who lose successive grafts is therefore of paramount importance. Existing analyses have been limited to the determinants of first (or a single) graft failure and have not addressed the issue of recurrent events with or without the competing risk of graft failure due to death. Put simply, the determinants of graft failure are also shared with risk factors for death, so when patient data are censored for death in conventional risk factor analyses, we neglect this relationship and potentially introduce bias into the overall analysis.
In this study we analyzed the determinants of graft dysfunction and failure, including multiple recurrent events. This strategy has previously been used to study rejection episodes, but not graft failure, in kidney transplantation (1) and has also been used in other disease areas (2) (3) (4) . We used two approaches that address different aspects of recurrent events: a marginal approach covering the total burden of renal disease and a conditional approach, whereby the interrelationship between risk factor associations are taken into account.
We also analyzed death as a competing event, recognizing that death and graft failure share common risk factors, thus limiting the bias inherent in models that censor death in the analysis (5) (6) (7) . For the marginal approach, we followed the method of Wei et al. (8) , which analyzes all recurrent events simultaneously, without conditioning for prior events.
Our analysis was based on 7-year extended follow-up data from the Assessment of Lescol in Renal Transplant (ALERT) study database. The aim was to compare the difference between risk factor patterns for the first occurrence of doubling of serum creatinine or graft loss (DSCGL) after randomization versus that of the total burden of repeated DSCGL, and versus a conditional model in which time from start to each event is counted and both start and end times for each recurrent event are used in the analyses. We also explored the effects of analyzing death as a competing risk on the risk factor associations for DSCGL, and we examined a model in which both competing risk and conditional recurrent events were modeled. Finally, we calculated lifetime risk estimates for achieving specified ages without having developed DSCGL or dying, focusing on the effect of different serum creatinine levels at baseline.
Materials and Methods

Study Groups
The ALERT study has been described and reported previously (9) (10) (11) . This randomized trial of fluvastatin, 40-80 mg/d, versus placebo in 2102 renal transplant recipients with a composite primary cardiovascular endpoint was performed between 1997 and 2002. The main trial lasted for 5 years and was followed by a 2-year extension phase in which all patients were offered fluvastatin, 80 mg/d. The mean duration of follow-up in the complete, extended study was 6.7 years. All cardiovascular and renal endpoints were verified by an independent endpoint committee. In the current analysis, the main endpoint of interest was DSCGL, a composite renal endpoint comprising severe graft dysfunction (doubling of serum creatinine) and graft loss. Patients were male or female, were 30-75 years of age, had stable graft function, and had received a renal transplant more than 6 months (average, 5.1 years) before randomization. Patients were assessed every 6 months via analysis of serum lipids, creatinine, creatine kinase, liver enzymes, IL-6 (human IL-6 immunoassay [R&D Systems Inc., Minneapolis, MN]), and high-sensitivity C-reactive protein (Roche Diagnostics GmbH, Mannheim, Germany).
The study adhered to the International Conference of Harmonization guidelines for Good Clinical Practice and the Declaration of Helsinki. The clinical and research activities being reported are consistent with the Principles of the Declaration of Istanbul. All participants gave written informed consent, and the Ethics Committee at participating centers approved the trial.
Statistical Analyses
We first compared descriptive statistics in patients with or without DSCGL to identify potential risk factors. Such factors as systolic BP, serum creatinine, diabetes mellitus, and smoking were included in the model as forced factors. The time to first occurrence of DSCGL was then analyzed by a stepwise Cox regression analysis that included the potential risk factors listed in Table 1 , as well as risk factors for renal endpoints identified in previous analyses (7) . A P value , 0.20 was used to select factors, and P,0.05 was the cutoff for final inclusion in the model. Many factors were highly correlated, and we therefore used the ratio of total cholesterol to HDL cholesterol, systolic BP, and the natural logarithm of C-reactive protein as the single risk factors for lipids, BP, and inflammation. Risk associations were described as hazard ratios (with their 95% confidence intervals) and corresponding P values. Standard Cox regression modeling was then performed, stratified by number of recurrent events and using the "robust estimation procedure" in which SEMs of regression estimates are calculated (12) . For the marginal method, risk factor estimates for any among recurrent events (total burden of renal disease) were our main focus. We also used a conditional recurrent event model, in which times from start to first event, from first event to second event, from second event to third event, and so forth were recorded on the time axis from baseline (13) . In this model, the risk set of patients with a first event influences the risk set for the second or subsequent events. Estimates are thus equal only for the time to first event but will differ for subsequent events.
Risk factor analysis for DSCGL, including death as a competing risk, was performed using the method of Fine and Gray (5) . A time to first DSCGL model differs from a model in which time to death is also competing. In the standard Cox model of time to first DSCGL, any preceding deaths are usually censored. This precludes DSCGL from occurring, making the exposure time shorter than it would have been had death not occurred. As a result, the rate of DSCGL, defined as the number of DSCGL events divided by total exposure time, will be biased upward because of the smaller denominator, thereby overestimating the probability that DSCGL would occur within a certain time. This bias increases if the absolute risk of death increases.
In a competing risk model, time to death is no longer censored but rather modeled by a separate Cox model with time to death as the endpoint. The model rationale is that two time variables are defined: T 1 = time to first DSCGL and T 2 = time to death (censoring is ignored for reasons of simplicity). What we observe is the minimum of these variables. The bivariate distribution of these variables, and particularly their correlation, is required in the competing risk analysis, but unfortunately this joint distribution cannot be identified from the data. However, if h 1 (t) represents the hazard for first DSCGL and h 2 (t) is the hazard for death, both can be estimated separately from Cox modeling, as can the sum of the two (h(t)=h 1 (t)+h 2 (t)). The statistical model then consists of two Cox models with separate endpoints, and estimates of both hazards can be made.
By combining these models it is possible to make an unbiased estimate of the probability of surviving to a given age (t) without DSCGL (S(t)= ∏(12h 1 (t j ) 2h 2 (t j )), where products (∏) are taken for both types. event time points (t j is less than or equal to the specified obtained age). This is an important question for the patient and the clinician: What is the probability of an individual patient reaching, for example, age 70 years without DSCGL? The results were displayed graphically as the cumulative incidence of DSCGL with and without adjustment for competing mortality risk. For illustrative purposes, we used a high and a low level of serum creatinine as the strongest risk factor for DSCGL.
This approach does not provide information on the risk of DSCGL in patients who die before any such event, but risk factor associations with DSCGL can be provided for all patients, irrespective of whether they die or not. However, the model depends on the assumption that the two endpoints are independent before death or DSCGL occurs, after adjustment for risk factors included in the model. If DSCGL occurs, risk of death is drastically increased, but that situation is not relevant here. The effect of competing risk will depend on the degree of competition by death, becoming progressively more important as absolute risk of death increases. Over and above these considerations, associations with risk factors may differ when these two models are compared; however, the magnitude and direction of differences may vary according to the observed data, depending on how these factors are associated with both DSCGL and mortality.
We ultimately combined the competing risk model with the conditional recurrent event model, counting the time to end of follow-up from the time of each recurrent event to the time of death in patients who subsequently died. For a typical patient in the ALERT study (mean age at entry to the trial, 50 years), we estimated the probability of surviving without occurrence of DSCGL according to age at the end of follow-up for three levels of the most important risk factor, serum creatinine at baseline (110 mmol/L, 144 mmol/L [mean value], and 190 mmol/L). Other risk factors were set to their mean value. This analysis was performed using the competing-risk model for time to first event. All analyses were performed using SPSS software, version 18.0 (SPSS Inc., Chicago, IL), and Stata software, version 12.0 (Stata Corp., Cary, NC).
Results
Time to First DSCGL as Outcome
Overall, DSCGL occurred once after randomization in 438 patients, twice in 126 patients, three times in 15 patients, four times in 2 patients, and five times in 1 patient. These numbers were lower when analysis was restricted to patients with complete data for all risk factors. Baseline risk factors in patients with at least one occurrence of DSCGL versus those with no occurrences during 7 years of follow-up are shown in Table 1 . The strongest risk factors were young age, serum creatinine, HLA-DR mismatches, smoking, systolic BP, proteinuria, history of treated acute rejection episodes, low hemoglobin concentration, and elevated lipid levels (specifically, total cholesterol/HDL cholesterol ratio, HDL cholesterol, and triglycerides). With the exception of lipid levels, these are all well recognized risk factors for graft failure. Diabetes did not achieve statistical significance for DSCGL (P=0.074).
In the stepwise Cox proportional hazards regression model, we identified eight risk factors based on 299 events in 1487 patients with complete risk factor information (hemoglobin concentration was the most common missing factor). These factors (defined in references 9-11) were smoking, systolic BP, serum creatinine, diabetes mellitus, time since last transplantation, degree of HLA mismatch (three categories), hemoglobin, and proteinuria. Age and lipid levels were not included in the final model because of their intercorrelation with other strong risk factors, such as serum creatinine and smoking.
Baseline risk factors were compared between patients with complete data and those with incomplete data: Seventeen No other risk factor was close to being significantly different between the patients with and those without a complete baseline dataset. The global risk of DSCGL was therefore similar in the two populations (hazard ratio, 0.86; 95% confidence interval, 0.70-1.05; P=0.14). Table 2 shows the results when death was treated as a competing risk. This had the effect of reducing the strength of association of several factors, notably serum creatinine, systolic BP, and HLA-DR mismatch. Factors such as smoking, proteinuria, diabetes, and hemoglobin were affected to only a minor extent. Figure 1 shows the cumulative incidence of DSCGL with and without adjustment for the competing risk of total mortality when a patient has a high serum creatinine level (190 mmol/L) or a low level (140 mmol/L). For the low level, adjustment for competing risk of death was associated with a small reduction in DSCGL; for the higher level, adjustment for competing risk of death was associated with a small increase from a higher baseline level.
Recurrent DSCGL
Time to Any DSCGL as an Outcome. We first examined recurrent events, using the marginal model to examine first and subsequent DSCGL simultaneously. Thus, we investigated whether risk factors measured at baseline would predict any DSCGL and whether there was a difference between time to first event and time to any event. The upper section of Table 3 shows hazard ratios in the recurrent model based on a total of 407 cases of DSCGL. All risk factor associations were estimated with greater precision (i.e., smaller confidence intervals), indicating highly significant and robust associations, except for diabetes. The degree of association between risk factors and any DSCGL was approximately the same as for the first event.
Conditional Model. In the conditional model that was used, time to first event is the same as for a standard Cox model, but all times to subsequent events are counted from event to event along the time axis from baseline. The main point of interest is in the dynamics from event to event. The middle section of Table 3 shows that the relationships changed only for systolic BP, for which the association weakened markedly with use of the conditional approach.
The lower section of Table 3 depicts the results when both the conditional approach and competing risk by death were taken into account. This weakened smoking as a risk factor, and only proteinuria and hemoglobin retained their strength of association.
Probability of Surviving without DSCGL. Baseline serum creatinine was, predictably, the strongest risk factor for DSCGL. Because DSCGL and death share risk factors, and age is the most important risk factor for mortality, we examined the interaction between achieved age and serum creatinine on estimated probabilities of death and DSCGL. Other risk factors were set to their mean value. Figure 2 shows the probabilities of reaching a given age free of DSCGL when baseline serum creatinine is 110 mmol/L, 144 mmol/L (the mean value at study entry), and 190 mmol/L. Thus, for an average patient in the trial (age 50 years), the probabilities of reaching age 60 years and of remaining event-free are 91%, 88%, and 78%, respectively, for the three chosen levels of renal function. Similarly, the probabilities of reaching age 70 years and remaining event-free are 79%, 71%, and 52%, respectively; for 80 years of age, the probabilities are 42%, 32%, and 16%. 
Discussion
This study shows that allowing for the competing risk of death in a risk factor study of first DSCGL in stable renal transplant recipients yields different risk associations compared with a standard model. Serum creatinine was the most susceptible to competing risk adjustments, losing 40% of its associated strength when adjusted for death. This is likely to reflect the fact that poor renal function is the leading risk factor for graft failure, but it shows a weaker association with risk of mortality. At the start of follow-up, the effect of competition is small because mortality is low. With time, however, the effect of competing risk increases. This is analogous to the situation in which a confounding variable becomes stronger with time, which usually results in weakening of the regression association across the whole follow-up period. However, the confounding effect of mortality is more complex because individual risk factors are associated to a varying degree to competing outcomes simultaneously and the net effect is difficult to predict. The analyses revealed similar effects for other established risk factors-HLA-DR mismatches and time since transplantation-but not for proteinuria. The association of smoking with DSCGL changed a little when death was included as a competing risk, which may reflect the fact that the primary effect of smoking is on mortality rather than on graft loss. The degree of "confounding" by competing risk may thus be smaller. Systolic BP also reduced its association with DSCGL despite its known association with several types of cardiovascular event, such as coronary heart disease, heart failure, and stroke. A smaller change was seen for the association between hemoglobin concentration and DSCGL, possibly because it is associated with a series of cardiovascular causes of death (14, 15) and with cancer.
Baseline serum creatinine, the major risk factor for graft dysfunction and failure, showed a constant association with outcome when the global burden of all renal events was analyzed, indicating that it has an important effect on recurrent events, as described by others (16) . The same pattern was observed for other risk factors. The results were not influenced significantly by the use of a conditional model. Even if the risk set from the first event influences the risk set of later events, these effects were minor and had little effect on the overall pattern of risk factors. In addition, the marginal model is dominated by first events, so there were few differences between the two recurrent models. In the combined model, proteinuria and hemoglobin retained or slightly increased their association with DSCGL, but both creatinine and smoking showed somewhat weaker associations with this outcome.
The inclusion of healthy patients in the ALERT population may result in differences from a registry population of renal transplant recipients (17) , given the better than predicted survival of patients in the study. Graft survival was also good, with a lower than expected risk of DSCGL. This was especially true for patients with preserved renal function. Thus, an ALERT patient (age 50 years on average) with a baseline serum creatinine level of 110 mmol/L had a 42% predicted chance of reaching 80 years without renal failure or death.
The statistical analysis of competing risk depends on the assumption of independence between death and DSCGL. This cannot be tested because DSCGL cannot occur after death. However, by adjusting for common risk factors, our analyses show a clearer relationship between risk factors that influence graft function based on long-term DSCGL. We have shown different results depending on the model assumptions and endpoints used, raising the question of which method is optimal. It is clear that in populations with a high mortality rate, as is the case in patients with kidney disease, analyses by competing risk seem to give a closer description of events, and it seems more appropriate to include competing risk in the model than ignoring it. Likewise, if there are substantial numbers of recurrent endpoints, it seems inappropriate to limit reporting of data to risk factor associations for the first event rather than to also consider the global burden of multiple events.
The clinician should be aware of situations in which competing risk may give biased results if analyzed by a standard Cox regression analysis for time to first DSCGL. This will be the case when the risk of death is high (for example, .3% per year during at least 5 years of followup). In the ALERT trial, the mortality marginally exceeded this rate, but such high mortality would be more typical in hemodialysis patients or in patients with severely impaired kidney function. The difference in regression coefficients between a simple time to first event Cox model and one that includes competing risk is not unexpected because these are two different models of the real world: One ignores the fact that competing risk by death before DSCGL takes place by censoring patients at time of death, whereas the other tries to model the competing risk so that times to both endpoints are incorporated into the same model.
We did not force age and sex into the model but rather restricted the choice of variables to those with established etiologic or clinical relevance. According to this strategy, age did not retain statistical prediction. Moreover, because age was used in the calculations of event-free probabilities, age could not be included as a cofactor. Sex was not significant in the univariate analysis and was also not used in the model. The overall aim was not to find an optimal model but to compare different model approaches with a realistic set of risk factors. Selection of healthy patients may limit the generalization of the analyses. The fact that patients were selected on the basis of stable graft function is a major factor likely to be associated with good outcomes. Thus, these results may apply only to similar transplant populations. The statistical modeling of competing events rests on the assumption of independence between death and DSCGL before either event occurs. This is probably more realistic in a multivariate model, which adjusts for baseline risk factor levels. However, this assumption is not testable. Moreover, many deaths took place after first DSCGL, so only 135 deaths were included in the competing risk analysis. In a hemodialysis population, where mortality is much higher, the effects of competing risk would have played a larger role. In the combined conditional recurrent and competing model, all recurrent events were treated equally with respect to competing risk (i.e., no allowance was made for possible differing degree of competition with the various recurrent events).
Overall, this study demonstrates an alternative approach to multivariate analyses in renal transplant recipients that is appropriate for other renal populations in whom the mortality rate is high and mortality shares risk factors with renal events. The inclusion of death as a competing risk allows the clearer identification of primary risk factors for renal events and is an approach that is likely to be of general relevance in populations with a high mortality rate. A high competing risk may also affect sample size considerations and should be taken into account in the planning of new studies.
